The record of globally averaged sea surface temperature (SST) over the past 130 years shows a highly significant correlation with the envelope of the I 1-year cycle of solar activity over the same period. This correlation could be explained by a variation in the sun's total irradiance (the solar "constant") that is in phase with the solar-cycle envelope, supporting and updating an earlier conclusion by Eddy (1976) On the climate side, the problem has been not so much a shortage of information as an overabundance. "Global" climate is an elusive concept and can only be defined as some kind of global average of a large number of localized regional climates, each of which can in turn be defined by a variety of parameters, such as temperature, precipitation, atmospheric pressure, and wind speed. Whether or not global climate is a meaningful concept is debatable, but if a single parameter has to be selected as an indicator of global climate, then temperature is probably the most reasonable one to choose, since the temperature of a body that is absorbing radiation is known to vary monotonically with the intensity of the radiation field, and most of the other climate parameters are functions of temperature directly, or of temperature gradients through their influence on atmospheric dynamics.
INTRODUCTION
Global climate change is rapidly becoming one of the major scientific issues of the decade, largely because it has a potentially greater impact on world society than almost any other phenomenon, barring such catastrophes as nuclear war or collision with an asteroid, and because civilization itself may well be a root cause through anthropogenic changes in the composition of the atmosphere. Unfortunately, such changes have to be detected against the background of natural climate variability, whose nature and causes are still uncertain and controversial.
Since the sun's radiation is the principal driving force for global climate, it is natural to suspect variations in solar irradiance as a possible source of climate variations. Speculations along these lines have abounded over the years and provided the rationale for the extended series of measurements of the solar constant carried out by the Smithsonian Astrophysical Observatory [Abbott, 1953] during the early decades of this century. While these measurements did show short-term variations, the possibility that they represented fluctuations in atmospheric transmission, or errors in measurement, rather than true variations in the sun's irradiance could not be eliminated [Hoyt, 1979] . All ground-based measurements of the sun's irradiance face the difficulty of variable atmospheric transmission, and no reliable information on irradiance variations was obtained until improved techniques and platforms located above the atmosphere On the climate side, the problem has been not so much a shortage of information as an overabundance. "Global" climate is an elusive concept and can only be defined as some kind of global average of a large number of localized regional climates, each of which can in turn be defined by a variety of parameters, such as temperature, precipitation, atmospheric pressure, and wind speed. Whether or not global climate is a meaningful concept is debatable, but if a single parameter has to be selected as an indicator of global climate, then temperature is probably the most reasonable one to choose, since the temperature of a body that is absorbing radiation is known to vary monotonically with the intensity of the radiation field, and most of the other climate parameters are functions of temperature directly, or of temperature gradients through their influence on atmospheric dynamics.
Measurements of surface temperature at land sites have been made since at least the sixteenth century, but global coverage has been adequate only since the latter half of the nineteenth century. Routine measurements of sea surface temperature (SST) and marine air temperature have also been carried out since the middle of the nineteenth century, 2835 and the data have appeared in the U.S. Comprehensive Ocean-Atmosphere Data Set (COADS) [Woodruff et al., 1987] Pittock [ 1978] , and although several potential mechanisms to explain a relationship between solar magnetic activity and climate have been suggested in a qualitative way, none has so far stood up to quantitative examination. The basic problem is that the energy contained in the extreme ultraviolet, X ray, and energetic particle outputs from the sun that at9 known to vary dramatically with solar activity represents only a tiny fraction of the total irradiance that drives global climate and, furthermore, even that tiny amount of energy is dissipated in the upper atmosphere and could influence surface climate only indirectly. A discussion of the various suggestions that have been made to avoid these difficulties is beyond the scope of this paper, and the interested reader can consult the references quoted above or more recent papers [e.g., Tinsley et al., 1989] .
If the total irradiance were to vary with solar activity, however, a direct relationship with climate would be clear, and this possibility has been raised many times in the past. The most convincing evidence of such a relationship was provided by Eddy [1976 Eddy [ , 1977 , who pointed out an overall positive correlation between certain indicators of global temperature and the record of solar activity as represented by radiocarbon anomalies over the past millennium, the most striking feature being the coincidence of the Maunder Minimum of solar activity, when sunspots essentially disappeared for about 70 years, and the peak of the so-called Little Ice Age. Eddy [1976] suggested that this relationship could be explained if the solar irradiance had varied in step with the long-term variation of solar activity, i.e., with the envelope of the 11-year sunspot cycle. This is in essence the possibility that is explored in this paper, using recent data on solar-irradiance variability and the SST record of the past 130 years to show that there is evidence that the irradiance does indeed have a long-term variation with solar activity as represented by the envelope of the l 1-year cycle, and that this variation has a large enough amplitude to affect global average SSTs and hence global climate. been used to calculate the globally averaged SST over the past three centuries using a one-dimensional model of the thermal structure of the global ocean. As in the earlier work [Reid, 1987; Reid and Gage, 1988] , the model used was that developed by Hoffert et al. [1980] in which a mixed layer of 100-m depth is coupled to a deep ocean of 4000-m depth. The mixed layer is heated directly by solar radiation and cooled by radiation to space, by transfer of heat to the atmosphere, and by eddy transport of heat to the deep ocean, while a thermohaline circulation driven by processes occurring in a polar sea provides upwelling of cold water from the base of the deep ocean. Details of the model can be found in the work by Hoffert et al. [1980] , and only a brief outline will be given here.
In a steady state the longwave radiation to space, F, must be balanced by the absorbed incoming solar radiation, i.e., To illustrate the problem, Figure 7 shows the result of filtering the SST time series used in this paper and the surface air temperature (SAT) time series of Hansen and Lebedeff [1987, 1988] , using a simple Gaussian low-pass filter. Both series are plotted as departures from an arbitrary mean, and they agree only in a very general sense. Both series show a warming in the first half of the twentieth century, but the SST warming appears to lag the SAT warming by more than a decade. They also agree in having a period of cooling in the 1960s, with a steep upturn since about 1970. They disagree markedly in the late nineteenth and early twentieth centuries, however, with the sharp cooling in the SST record beginning about 1900 being almost completely absent in the SAT record, which also shows a continuous warming through the last decades of the nineteenth century, when the SST record showed nearly constant temperatures. Short-term variations, however, are fairly well correlated between the two time series. The residuals from the two low-pass filtered curves have a cross-correlation coefficient of 0.63 at zero lag, which is far above the 99% confidence level after reducing the number of independent data points to take account of autocorrelation in the two time series [Quenouille, 1952] . This short-term consistency lends some support to the reality of the concept of a global average temperature, and the lack of long-term consistency suggests the existence of some slowly varying systematic error in one or the other, or in both, time series.
Clearly, the reliability of the temperature record is a crucial factor in any attempt to identify the major sources of climate forcing, and different temperature records can lead one to entirely different conclusions. Robock [1978] , for example, estimated the relative contribution of solar constant variations, volcanic eruptions, and anthropogenic effects on the temperature record as compiled by Mitchell [1961] , using a model solar irradiance variation very similar to that of equation (1). He concluded that solar variability was not important and that the largest fraction of the variance could be explained by volcanic eruptions. The principal reason for this discrepancy appears to be the fact that the temperature record of Mitchell [1961] , which was based on land measurements, did not show the early twentieth century cooling, which is a pronounced feature of the SST record. The reality of that cooling is crucial to the hypothesis presented here, but it is difficult to establish unequivocally. Lean and Foukal [1988] have found that the residual variations after accounting for the sunspot blocking effect are positively correlated with indices of facular intensity, suggesting that the darkening of the sun produced by sunspots is compensated by brightening of the associated faculae and of the background network of facular elements. The long-term positive correlation of total irradiance with solar activity then implies that the facular brightening exceeds the sunspot darkening. More recently, Foukal and Lean [1990] have constructed a model of total irradiance variation extending back to 1874, assuming that all of the variation has been due to the causes identified during the decade of direct spacecraft measurements, i.e., sunspot blocking and facular enhancement, and using sunspot number and sunspot area as sepa- rate proxies for these two variables. Since their model does not allow for any total irradiance variation other than that directly associated with sunspot number and area, both of which are dominated by the 11-year cycle, their empirical irradiance variation is not relevant to the long-term variation suggested here. The fact that the spacecraft measurements since 1980 have not shown any evidence for a long-term variation other than that due to the 11-year cycle itself may be simply a result of the near constancy of the envelope during recent years, as shown in Figure 3 . The long-term variation in solar activity appears to be at a turning point.
There is general agreement that irradiance variations of the order of 0.1% occurring over an 11-year cycle are very unlikely to have significant climatic effects [Hoffert et al., 1988] , largely because of the severe damping of such shortterm variations by the thermal inertia of the oceans. This is illustrated in Figure 8 , which shows the attenuation and lag in mixed-layer temperature calculated from the model for irradiance variation as functions of the forcing period. The irradiance was allowed to vary sinusoidally with an amplitude of 1%, and the model was run for long enough to settle down to a repeatable sinusoidal response. The attenuation is defined here as the ratio of the amplitudes of the resultant mixed-layer temperature and equilibrium temperature cycles, and the lag is the delay time between peaks in the two cycles. Clearly a century-scale variation, with an attenuation factor of about 0.75, has a major advantage over both 1 l-year and 22-year cycles, with attenuation factors of 0.25 and 0.43, respectively.
Our understanding of the processes that occur in the sun's convective zone is still in a fairly rudimentary state, and it is not at present possible to set realistic limits on the magnitude of long-term variations in solar luminosity on theoretical grounds alone. Rapid progress is being made in both theoretical and observational solar physics, however, and it seems not unreasonable to expect some quantitative estimates within a relatively short time. It must be admitted, however, that the evidence supporting the hypothesis is largely circumstantial, and the supporting arguments are less defensible than one could wish. As mentioned earlier, the SST record itself has serious inherent uncertainties associated with it, and one could quarrel with the meaning of the global average SST as a measure of global climate, and with the applicability of a simple onedimensional model of the thermal structure of the global ocean. Even taking these caveats into consideration, however, the evidence does seem to point toward solar irradiance variations having played a major role in climate variations over the past century and a half, although it seems unlikely that they were the sole cause. As far as the future is concerned, there is no obvious reason to question the predictions of future global warming due to the atmosphere's increasing burden of greenhouse gases. Unless there are serious deficiences in our understanding, the conclusion that the greenhouse warming will eventually overwhelm other natural effects of climate variability seems inescapable. The critically important question of when this will happen remains unanswered, and its answer depends on how accurately we can estimate the natural internal and external causes of climate variability.
